ABSTRACT This paper is focused on providing the analytical framework for the quantification and evaluation of the joint effect of misalignment fading and hardware imperfections in the presence of multipath fading at terahertz (THz) wireless fiber extenders. In this context, we present the appropriate system model that incorporates the different operation, design, and environmental parameters. In more detail, it takes into account the transceivers antenna gains, the operation frequency, the distance between the transmitter (TX) and the receiver (RX), the environmental conditions, i.e., temperature, humidity, and pressure, the spatial jitter between the TX and RX antennas that results to antennas misalignment, the level of transceivers' hardware imperfections, and the stochastic characteristics of the wireless channel. Based on this model, we analyze and quantify the joint impact of misalignment and multipath fading by providing novel closedform expressions for the probability and cumulative density functions of the composite channel. Moreover, we derive exact closed-form expressions for the outage probability for both cases of ideal and non-ideal radio frequency (RF) front-end. In addition, in order to quantify the detrimental effect of misalignment fading, we analytically obtain the outage probability in the absence of misalignment cases for both cases of ideal and non-ideal RF front-end. In addition, we extract the novel closed-form expressions for the ergodic capacity for the case of the ideal RF front-end and tight upper bounds for both the cases of ideal and non-ideal RF front-end. Finally, an insightful ergodic capacity ceiling for the non-ideal RF front-end case is provided.
I. INTRODUCTION
Over the last years, the proliferation of wireless devices and the increasing number of bandwidth-consuming internet services have significantly raised the demand for high datarate transmission with very low latency. While the wireless world moves towards the fifth generation (5G), several technological advances, such as high order modulation schemes, massive multiple-input multiple-output systems and full duplexing, have been presented as promising enablers [1] . However, there is a lack of efficiency and flexibility in handling the huge amount of quality of service and experience oriented data [2] , [3] . These realizations have motivated the exploitation of higher frequency bands, such as the terraherz (THz) band [4] - [7] .
Despite the fact that THz band communications can offer an unprecented increase in the bandwidth and support ultra high data rates, yet they suffer from severe path attenuations, transceivers antenna misalignment as well as hardware imperfections [8] . The path attenuation originates from the high frequencies of this band, which cause interaction and energy absorption by the molecules of the propagation medium [9] . As a result, a great amount of effort was put in modeling the THz channel particularities [10] , evaluating their impact on the system's performance [11] , [12] and proposing countermeasures [13] - [18] . On the other hand, antenna misalignment is caused due to the use of high directive antennas, which cannot be easily fully-aligned [19] . Finally, the hardware imperfections are the result of components mismatch and manufacturing defects in the radio frequency (RF) transceiver chain [20] .
A. RELATED WORK
In general, the THz channel particularities were investigated in several works (see for example [11] , [21] - [29] and references therein). In more detail, Jornet and Akyildiz [21] presented a novel propagation model for electromagnetic nanoscale communications in the THz band, based on radiative transfer theory, whereas, in [11] , the model was extended in order to incorporate the effect of molecular relaxation. Similarly, Yang et al. [22] provided an electromagnetic channel model for the body-centric nano-networks operating in the THz band. Additionally, in [23] , a simplified path-loss model for the 275 − 400 GHz band was introduced, which was employed in [24] in order to evaluate the THz link performance in terms of average signal-to-noise ratio (SNR) and capacity. Furthermore, in [25] , a multi-ray THz propagation model was presented, while Afsharinejad et al. [26] reported a path-loss model for nano-sensor networks operating in the THz band for plant foliage applications. Meanwhile, in [27] , a propagation model for intra-body nano-scale communications was provided. Likewise, in [28] , a path-loss model, which quantifies the total absorption loss assuming that air, natural gas and/or water are the components of the propagation medium, was discussed, whereas, in [29] , a multi-ray THz propagation model was presented.
Although, all the above mentioned contributions revealed the particularities of the THz medium, they neglected the impact of fading, which can be generated due to scattering on aerosols in the atmosphere [30] . On the contrary, in Ekti et al. [31] , Priebe et al. [32] , Kim and Zajić [33] , [34] , Priebe et al. [35] , and Afsharinejad et al. [36] presented suitable stochastic models that are able to accommodate the multipath fading effect in the THz band. In particular, Ekti et al. [31] introduced a multi-path THz channel model, where the attenuation factor was modeled as a Rayleigh or Nakagami-m distributions under the non-line-ofsight condition and as a Rician or Nakagami-m distribution under the line-of-sight (LoS) condition. Note that they supported their claim through experimental results. Meanwhile, Priebe et al. [32] conducted experiments and verified the existence of the shadowing effect in the 300 GHz band. Moreover, in [33] and [34] , a two dimensional geometrical propagation model for indoor THz communications was proposed. Based on this model, they developed a parametric reference model for a THz multi-path Rician fading channel. Likewise, in [35] , the influence of antenna directivities on the THz indoor channels for various antenna types was investigated, assuming Rician fading, whereas Afsharinejad et al. [36] used a log-distance shadowing pathloss model for THz nano-sensor networks communications in the vicinity of a plant.
The impact of transmitter (TX) and receiver (RX) beams misalignment was discussed in several published works, including [31] , [35] , [37] , and [38] . However, despite the small transceiver antenna beam-width, due to the use of high directive antennas in the THz band, there are only three papers, which analyze its influence in the THz link [31] , [35] , [37] . In more detail, Ekti et al. [31] and Han and Akyildiz [37] assumed deterministic models to incorporate the impact of antennas' misalignment, while, in [35] , it was considered a part of the shadowing effect. The disadvantages of these models are that they are unable to accommodate the stochastic characteristics of phenomenons like thermal expansion, dynamic wind loads and weak earthquakes, which result in the sway of high-rise buildings and cause vibrations of the transceivers antennas; hence, the effect of misalignment between the TX and RX [39] .
From the implementation point of view, in the THz band, the direct conversion architecture is of much hype, due to its low-complexity and cost-effective configuration [40] - [44] . The con of this architecture is that it is very sensitive to hardware imperfections, such as in-phase and quadrature imbalance, phase noise and amplifier non-linearities [45] , [46] . In general, the effect of hardware imperfections was quantified in several contributions (see for example [47] - [60] and references therein) and it was concluded that they can significantly constrain the system's performance. However, despite of their paramount importance on the performance of THz wireless systems, the detrimental effects of hardware imperfections have been overlooked in the vast majority of reported contributions. Only very recently, their impact was experimentally reported in [41] and [44] . Specifically, Kallfass et al. [44] estimated the impact of hardware imperfections in the 300 GHz band. Finally, Koenig et al. [41] highlighted their detrimental effect in THz wireless fiber extender systems. However, to the best of the authors knowledge, there is no analytical study on the effect of hardware imperfections in the THz band.
B. MOTIVATION, NOVELTY AND CONTRIBUTION
To sum up, since the used frequency spectrum for 5G has limited capacity, THz wireless systems became an attractive complementing technology to the less flexible and more expensive optical-fiber connections [6] , [13] , where they can act as countermeasures to the connectivity gaps that exist between the radio frequency (RF) access network and the fiber optic based backbone network [4] , [41] , [42] , [61] . This application scenario can be employed in developing countries, where there might not be much of a fiber optic structure and hence to increase its reach and bandwidth to the last mile, without requiring a huge amount of economic resources to dig up the current brown-field.
To the best of the authors' knowledge, the joint effect of misalignment and RF hardware imperfections over fading channel in the THz band have not been addressed in the open literature. Motivated by the above, this work is devoted to provide the generalized theoretical framework for the evaluation and quantification of the performance of THz wireless fiber extenders. The technical contribution of this paper is outlined below:
• We establish an appropriate system and channel model for the THz wireless fiber extender system, which accommodates the different design parameters as well as their interaction. These parameters include the distance between the TX and the RX, the TX and RX antennas' gains, the degree of TX and RX misalignment, the level VOLUME 7, 2019 of hardware imperfection at the transceivers RF frontend, and the transmission power.
• In order to analyze the stochastic behavior of the wireless THz channel, we derive novel closed-form expression for the probability density function (PDF) and cumulative density function (CDF) of the distribution that model the composite channel, which accommodates the effect of both the misalignment and the multipath fading. Note that the mutlipath fading is modeled as an α − µ distribution, which is a general form for several well-known channel models for multipath fading, such as Rayleigh, Nakagami-m, Weibull, shadow, and composite fading [62] , [63] , that have been experimentally verified in the THz systems, whereas, for the elevation and horizontal displacement at the RX's plane independent and identical Gaussian distributions are assumed. This is a commonly used approach in high-directive systems that are employed as wireless fiber extenders. However, this is the first paper that provides closedform expression for analyzing the stochastic behavior of the composite (multipath and misalignment fading) THz wireless channel. Additionally, we present closed-form expressions for the PDF and CDF of the channel for the special cases, in which Rayleigh, Nakagami-m, Weibul and Gamma distributions are used to model the multipath fading effect.
• Based on the new channel model, we provide exact closed-form expressions for the outage probability that quantifies the performance of the THz wireless fiber extender system and take into account the level of misalignment and hardware imperfection. Simplified expression for the insightful case in which the transceivers have ideal RF front-ends are also reported. As benchmarks, we present closed-form expressions for the quantification of outage probabilities in both cases of ideal and non-ideal RF front-end in the absence of misalignment fading.
• Additionally, we extract novel closed-form expressions for the ergodic capacity in the case of ideal RF frontend and tight upper bounds for both cases of ideal and non-ideal RF front-end.
• Finally, we present an insightful ergodic capacity high SNR ceiling, for the practical case of non-ideal RF front-end.
C. ORGANIZATION AND NOTATIONS
The remainder of this paper is organized as follows. Section II presents the ideal and non-ideal RF front-end system models as well as the wireless THz channel model. Section III is focused on deriving the distribution of the composite misalignment and multipath fading channel. Moreover, the performance analysis in terms of outage probability and ergodic capacity for both cases of ideal and non-ideal RF front-end is provided in Section IV. Finally, respective numerical results and discussions are provided in Section V, while closing remarks are highlighted in Section VI.
Notations:
In this paper, we use lower case bold letters to denote vectors. The operators E[·] and | · | respectively denote the statistical expectation and the absolute value, whereas exp (x) and log 2 (x) stand for the exponential function and the logarithmic function with base 2. Additionally, the operator ln (x) refers to the natural logarithm of x, while, the operators √ x and lim x→a (f (x)) return the square root of x and the limit of the function f (x) as x tends to a. Likewise, the set of the complex numbers is represented by C, while CN (x, y) denotes a x-mean complex Gaussian process with variance y. Meanwhile, δ (·) stands for the Dirac's function. The upper and lower incomplete Gamma functions [64, 
II. SYSTEM & CHANNEL MODEL
This section is focused on presenting the system and channel model under consideration. In particular, in Section II-A, the system model is provided, while, in Section II-B, the channel model is given.
A. SYSTEM MODEL
As illustrated in Fig. 1 .a, we consider a wireless fiber extender, in which the wireless link is utilized in the THz band. In order to countermeasure the channel attenuation, we assume that both the TX and RX are equipped with highly directive antennas. Suppose that the information signal, x ∈ C, is conveyed over a flat fading wireless channel h ∈ C 1 with additive noise n ∈ C, the baseband equivalent received signal can be expressed as
where h, x and n are statistically independent. Likewise, n is modeled as a complex zero-mean additive white Gaussian process with variance equals N o . Although, the received signal model presented in (1), accommodates the impact of the wireless channel and noise, it neglects the effect of physical radio-frequency (RF) transceivers impefections, namely in-phase and quadrature imbalance (IQI), phase noise (PHN), as well as amplifier nonlinearities, which, in high data rate systems, is detrimental [3] , [45] . These imperfections generate a mismatch between the intended signal x and what is actually emitted and distort the received signal during the reception processing. In particular, IQI causes mirror-interference, while local oscillator PHN results to adjacent carrier interference and amplifiers non-linearities to distributions that, according to Bussgant theorem, can be modeled as a complex Gaussian process [3] . Hence, in order to model their combined influence at a given flat fading subcarrier, we employ a generalized signal model [45] , [67] , which has been both theoretically and experimentally validated [68] - [71] . According to this model, the baseband equivalent received signal can be obtained as
In (2), the parameters n t and n r are repsectively distortion noises from impairments in the TX and RX [67] , and they can be defined as [67] , [72] 
where κ t and κ r are non negative design parameters that characterize the level of imperfections in the TX and RX hardware, respectively, while P stands for the average transmitted signal power. Finally, note that the κ t and κ r parameters are interpreted as the error vector magnitudes (EVMs) [73] , [74] , which is a common quality measure of RF transceivers and is the ratio of the average distortion magnitude to the average signal magnitude.
B. CHANNEL MODEL
The channel coefficient, h, can be obtained as
where h l , h p and h f respectively model the path gain, the misalignment fading, which results in pointing errors, and the fading h f .
1) PATH-GAIN COEFFICIENT
The path gain coefficient can be expressed as
where h fl models the propagation gain and, according to Friis equation, can be modeled as [75] h fl = c
where G t and G r respectively represent the antenna orientation dependent transmission and reception gains, c stands for the speed of light, f is the operating frequency and d is the distance between the TX and the RX. Additionally, h al denotes the molecular absorption gain and can be evaluated as [23] , [24] 
where κ α (f ) denotes the absorption coefficient describing the relative area per unit of volume, in which the molecules of the medium are capable of absorbing the electromagnetic wave energy. Note that the main cause of absorption loss in millimeter and THz frequencies is the water vapor [11] , [21] , [24] that causes discrete, yet deterministic loss to the signals in the frequency domain. Other atmospheric molecules such as oxygen, also cause some level of loss to the signals, but it is minor when compared to the loss due to water vapor [24] , [25] . The water vapor dominates the overall molecular absorption loss above 0.2 THz frequencies. In order to evaluate the molecular absorption coefficient, the radiative transfer theory [76] as well the information provided by the high resolution transmission molecular absorption (HITRAN) database [77] are widely used. However, since THz fiber extenders are expected to operate in the 275 − 400 GHz band, we utilize a simplified model for the molecular absorption loss in this band, which was initially presented in [23] . According to this model the absorption coefficient can be evaluated as
where the parameters y 1 (f , v), y 2 (f , v) and g(f ) are defined as [24] 
and
where c stands for the speed of light and c 1 = 10. 
(15)
.537 and g 9 = 0.0956. Moreover, v stands for the volume mixing ratio of the water vapor (not to be confused with relative humidity) and can be evaluated as [23] - [25] v = φ 100
where φ, p respectively stand for the relative humidity and the atmospheric pressure, while p w (T , p) is the saturated water vapor partial pressure in temperature T , and, according to Buck's equation [78] , can be calculated as
with q 1 = 6.1121, q 2 = 1.0007, q 3 = 3.46 × 10 −6 hPa −1 , q 4 = 17.502, q 5 = 273.15 o K, q 6 = 32.18 o K and φ h being the pressure in hPa. Note that the model presented in (8) was shown to have great accuracy for up to 1 Km links in standard atmospheric conditions, i.e temperature of 296 o K, pressure of 101325 Pa and relative humidity of 0.5 [23] .
2) MISALIGNMENT FADING COEFFICIENT
As illustrated in Fig. 1 .b, we assume that the RX has a circular detection beam of radius α, covering an area A. Moreover, the TX has also a circular beam, which at distance d has a radius ρ, which belongs in the interval 0 ≤ ρ ≤ w d , where w d is the maximum radius of the beam at distance d. Furthermore, both beams are considered on the positive x − y plane and r is the pointing error expressed as the radial distance of the transmission and reception beams. Due to the symmetry of the beam shapes, h p depends only on the radial distance r = |r|. Therefore, without loss of generality, it is assumed that the radial distance is located along the x axis. As a consequence and according to [79] , the misalignment fading coefficient, h p , which represents the fraction of the power collected by the RX, covering an area A at distance d can be approximated as
where w eq is the equivalent beam-width, whereas A o is the fraction of the collected power at r = 0 and can be calculated as
with a being the radius of the RX effective area and w d is the radius of the TX beam footprint at distance d. Moreover, note that the equivalent beam-width, w 2 eq , is related to w 2 d through
By considering independent identical Gaussian distributions for the elevation and horizontal displacement [79] , [80] , the radial displacement at the RX follows a Rayleigh distribution with probability density function (PDF), which can be expressed as
where σ 2 s is the variance of the pointing error displacement at the RX. By combining (18) and (21), the PDF of |h p | can be rewritten as [79] 
where
is the ratio between the equivalent beam width radius at the RX. Note that this model was extensively used in several studies in free space optical systems (see [81] , [82] and references therein).
3) MULTIPATH FADING
In order to accomodate the multipath fading effect, we model |h f | as a generalized α − µ distribution [83] , with PDF that can be expressed as
where α > 0 is a fading parameter, µ is the normalized variance of the fading channel envelope, andĥ f is the α-root mean value of the fading channel envelop. Note that this distribution is a general form for many well-known distributions, such as Rayleigh (α = 2, µ = 1), Nakagami-m (α = 2 and µ is the fading parameter), Weibull (µ = 1 and α is the fading parameter), etc. [84] .
III. STATISTICAL ANALYSIS OF THE STOCHASTIC CHANNEL COEFFICIENT
The following theorems return the probability density function (PDF) and cumulative density function (CDF) of the random process that is used to model the stochastic behavior of the channel, i.e.,
Theorem 1: The PDF of |h fp | can be analytically evaluated as 
Proof: Please see Appendix B. From (26) and (27) , it is evident that the presented distribution depends on the multipath fading channels characteristics, which are modeled through the parameters α and µ, as well as the level of misalignment fading that is described via the parameters γ 2 and A o .
A. SPECIAL CASE 1
In the special case in which the multipath fading can be modeled as a Rayleigh distribution, the PDF and CDF of |h fp | can be expressed, by setting α = 2 and µ = 1 in (26) and (27) , as
respectively.
B. SPECIAL CASE 2
In the special case in which the multipath fading can be modeled as a Nakagami-m distribution, the PDF and CDF of |h fp | can be expressed, by setting α = 2 and µ = m in (26) and (27) , as
C. SPECIAL CASE 3
In the special case in which the multipath fading can be modeled as a Weibull distribution, the PDF and CDF of |h fp | can be expressed, by setting µ = 1 in (26) and (27), as
D. SPECIAL CASE 4
In the special case in which the THz wireless link suffers only from shadowing, then according to [63] and [85] , h f can be modeled as a Gamma distribution, i.e., α = 1, µ = m s and h f = . Hence, the CDF and the PDF of h fp can be respectively expressed as
where stands for the average power of shadowing in the area of interest and m s is the shadowing severity such that as m s increases the shadowing severity decreases. In the limit case in which m s → ∞, the distribution of |h f | tends to the Dirac's distribution as
In other words, in the limit case, there is no shadowing effect.
IV. PERFORMANCE ANALYSIS
In this section, the instantaneous SNR and signal to noise plus distortion ratio (SNDR) are derived and accordingly the system's performance is quantified, in terms of outage probability and ergodic capacity. In more detail, in Section IV-A, the instantaneous SNR and SNDR for the cases of ideal and VOLUME 7, 2019
non-ideal RF front-end are respectively provided, whereas, in Section IV-B novel closed-form expressions for the evaluation of the corresponding outage probabilities are given. Additionally, in Section IV-C, an exact closed-form expression and a simplified upper bound for the ergodic capacity in the case of ideal RF front-end as well as a tight upper bound and a ceiling for the ergodic capacity in the case of non-ideal RF front-end are extracted.
A. INSTANTENOUS SNR & SNDR
This section is focused on presenting the instantaneous SNR in the case of ideal RF front-end and the SNDR in the case of non-ideal RF front-end.
1) IDEAL RF FRONT-END
In the case of ideal RF front-end, based on (1), the instantaneous SNR of the received signal can be obtained as
2) NON-IDEAL RF FRONT-END
The instantaneous SNDR can be expressed as
where κ 2 = κ 2 t + κ 2 r .
B. OUTAGE PROBABILITY 1) IDEAL RF FRONT-END
In the case of ideal RF front-end, Proposition 1 provides a novel closed-form expression for the evaluation of the outage probability in the presence of misalignment fading, while Lemma 1 returns the corresponding expressions in the absence of misalignment fading. Proposition 1: In the case of ideal RF front-end, the outage probability, in the presence of misalignment fading, can be analytically evaluated as
where γ th stands for the SNR threshold. Proof: The outage probability can be defined as
which, based on (37), can be rewritten as
or, after some algebraic manipulations as
which can be rewritten as (39) . This concludes the proof. 
Proof: Similar to (42) , in the absence of misalignment fading, the outage probability can be expressed as
or equivalently
which, by using (66), can be rewritten as in (43) . This concludes the proof.
2) NON-IDEAL RF FRONT-END
In the case of non-ideal RF front-end, Proposition 2 provides a novel closed-form expression for the evaluation of the outage probability, whereas Lemma 2 returns the corresponding expressions in the absence of misalignment fading. 
From (43) and (46), we observe that the outage probability is an increasing function of γ th . Moreover, by comparing (39) with (46) and (43) with (47), it becomes evident that the maximum spectrum efficiency of the selected transmission scheme, which is an increasing function of γ th , is limited by the level of hardware imperfections. In more detail, if a transmission scheme is selected that requires a SNR threshold that is higher than 1 κ 2 , then the system is always in an outage state.
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C. ERGODIC CAPACITY 1) IDEAL RF FRONT-END
In the case of ideal RF front-end, Theorem 3 returns a novel closed-form expression for the evaluation of the ergodic capacity, whereas Theorem 4 provides a simplified upper bound. (48) , given in the top of this page. In (48) ,
Theorem 3: The ergodic capacity can be analytically evaluated as in
Proof: Please see Appendix E.
Theorem 4: The ergodic capacity can be upper bounded as
Proof: Please see Appendix F.
2) NON-IDEAL RF FRONT-END
In the case of non-ideal RF front-end, the following theorem returns an upper bound of the ergodic capacity.
Theorem 5: The ergodic capacity can be upper bounded as
Proof: In the case of non-ideal RF front-end, the ergodic capacity can be defined as
By applying Jensen's inequality [86] into (56), we can upper-bound the ergodic capacity as
which, by employing (106) gives (55) . This concludes the proof.
The following lemma returns a capacity ceiling in the high SNR regime.
Lemma 3: As the SNR tends to infinity, the ergodic capacity is constrained by
Proof: The capacity ceiling can be defined as
whereρ represents the average SNR. Based on (55), (60) can be equivalently expressed as
which, after some algebraic manipulations, can be rewritten as (59) . This concludes the proof. From (59), it is evident that maximum achievable ergodic capacity is constrained by the transceivers level of hardware imperfections and not by the multipath and/or misalignment fading characteristics.
V. RESULTS AND DISCUSSION
In this section, we investigate the joint effects of the deterministic and stochastic path-gain, i.e., misalignment and multipath fading, components as well as the impact of transceivers hardware imperfections in the outage and ergodic capacity performance of the THz wireless fiber extender by illustrating analytical and simulation results. In particular, we consider the following insightful scenario. Unless otherwise is stated, it is assumed that G t = G r = 55 dBi, 2 α = 2, and µ = 4. Moreover, standard environmental conditions, i.e., φ = 50%, p = 101325 Pa, and T = 296 o K, are assumed. Furthermore, we consider that the transmission distance ranges between 10 and 100 m. Finally, unless otherwise is stated, in all the illustrations,the solid curves represent analytical values obtained through the derived formulas, while the markers represent Monte-Carlo simulation results. 2 According to [14] , [41] , and [87] - [89] , this antenna gain can be practically achieved by employing high-gain Cassegrain antennas, which are widely used for wireless fiber extender appliances in the millimeter and THz bands. , we observe that as the frequency increases, the propagation loss increases, or equivalently the deterministic path-gain decreases; hence, the outage probability increases. Finally, for a fixed d and f , as From this figure, it is evident that, for a given relative humidity, as the temperature increases, the molecular absorption also increases; hence, the outage probability increases. For instance, for φ = 50%, a temperature alteration from 280 o K to 290 o K results in about 1.8% outage performance degradation. Moreover, we observe that for a fixed temperature, as the relative humidity increases, the outage probability also increases. For example, for T = 280 o K, when the relative humidity shifts from 50% to 60%, a 0.39% outage probability increase occurs. In other words, we observe that the temperature alteration can result to a slightly more significant effect on the system's outage performance compared to the humidity alteration. Moreover, these results reveal the importance of taking into account the atmospheric conditions, when designing and establishing a THz wireless link. Fig. 4 shows the ergodic capacity as a function of the transmission distance and the relative humidity, assuming ideal RF front-end, f = 380 GHz,
= 25 dB and σ s = 0.01 m. As expected, for a fixed relative humidity, as the transmission distance increases, the deterministic path-loss increases; hence, the ergodic capacity decreases. Similarly, for a given transmission distance, as the relative humidity increases, the absorption loss also increases; therefore, the ergodic capacity decreases. Finally, we observe that the impact of propagation loss is more severe compared to the one of the molecular absorption loss, since the ergodic capacity degradation due to a transmission distance increase is much more severe than the corresponding degradation due to a relative humidity increase. In more detail, we observe that up to 320 GHz the effect of relative humidity alteration is relatively low, whereas in the 380 GHz region, it is detrimental. For example, in 300 GHz, a relative humidity alteration from 30% to 60% results to a 0.1% ergodic capacity degradation, whereas the same alteration in the 380 GHz causes a corresponding 98.9% decrease. Moreover, in the 400 GHz region, although the free space path loss is higher compared to the one in the 380 GHz region, the achievable ergodic capacity is much higher. This is the impact of the high molecular absorption in the 380 GHz, which is one of the water vapor resonance frequencies [23] , [90] . These observations indicate the importance of taking into account the variation of the environmental conditions in a geographical area as well as the molecular absorption phenomenon, when selecting the operation frequency. 
B. IMPACT OF MULTIPATH FADING
In Fig. 7 , the outage probability is depicted as a function of
for different values of µ and γ th , assuming ideal RF front-end, d = 30 m and γ 2 = 1. As a benchmark, the worst case scenario of Rayleigh fading is plotted. From this figure, we observe that, for a given µ and γ th , as
the outage probability decreases. Moreover, for a given
and µ, as γ th increases, the outage probability also increases. For instance, for
= 40 dB and µ = 8, the outage probability increases for about 287.4%, as γ th alters from 1 to 15. Finally, for a fixed
and γ th , as µ increases, i.e., as the strength of the LoS component increases, the system's outage behavior improves. Fig. 8 shows the joint impact of multipath and misalignment fading on the ergodic capacity. Specifically, the ergodic capacity is plotted as a function of
for different values of µ and σ s , assuming ideal RF front-end and d = 30 m. Note that, in this figure, the numerical results are shown with continuous lines, while markers are employed to illustrate the simulation results. The analytical results coincide with the simulations, verifying the derived expressions. Moreover, the ergodic capacity for the special case in which the multipath fading follows Rayleigh distribution is plotted as a benchmark. This figure reveals that the impact of misalignment fading is somewhat more detrimental compared to the one of the multipath fading. Moreover, we observe that the increase of the transmission power can act as a countermeasure to the joint impact of multipath and misalignment fading in the ergodic capacity. Fig. 9 illustrates the impact of misalignment fading on the system's outage performance. In more detail, the outage probability is provided as a function of the spatial jitter, σ s , for different values of
C. IMPACT OF MISALIGNMENT FADING
, assuming ideal RF front-end, d = 30 m, γ th = 1, α = 2 and µ = 4, for the cases in which the system suffers from misalignment fading (continuous lines) or not (dashed lines). As expected, for a given P N o , as σ s increases, the outage probability also increases. For Moreover, it is observed that the spatial jitter causes a significant ergodic capacity degradation. In more detail, we observe that, for a given P N o , as σ s increases, the ergodic capacity decreases. Furthermore, for a given σ s , as
increases, the RX antenna is able to collect more of the emitted power; hence, the ergodic capacity also increases. For instance, for σ s = 0.05, a P N o increase from 10 to 20 dB results to a 134.63% ergodic capacity improvement. Fig. 11 illustrates the impact of hardware imperfections on the system's outage performance. Specifically, the outage probability is plotted as a function of
D. IMPACT OF HARDWARE IMPERFECTIONS
for different values of κ tr = κ t = κ r and γ th , assuming α = 2, µ = 4 and d = 20 m. As a benchmark, the corresponding outage probability in the case of ideal RF front-end is depicted. From this figure, it is evident that, for a given
and γ th , as the level of hardware imperfection increases, the outage probability also increases. Moreover, for a fixed
, as γ th increases, the impact of hardware imperfections become more severe. For example, for
= 30 dB and γ th = 1, the outage probability increases for about 9.3%, when κ tr alters from 0.10 to 0.30, whereas, for the same
and κ tr alteration, the outage probability increases for about 200%, when γ th = 5. This indicates that by using transmission schemes with lower spectral efficiency, we can significantly constrain the impact of hardware RF imperfections. Finally, in the worst case scenario in which κ tr = 0.4 and γ th = 5, the condition γ th ≥ 1 κ 2 is satisfied, and the outage probability is always 1. Fig. 12 demonstrates the joint effect of hardware imperfections and misalignment fading on the system's outage performance. In particular, the outage probability is given as a function of κ tr , for different values of σ s , assuming d = 30 m, P N o = 25 dB, γ th = 5, α = 2 and µ = 4. As a benchmark, the corresponding outage probability in the case in which there is no misalignment fading is also plotted. From this figure, we observe that for a given κ tr , as σ s increases, i.e., as the impact of misalignment becomes more severe, the outage probability also increases. For example, for κ tr = 0.10, the outage probability increases from 10 −5 to 1.25 × 10 −3 , as σ s shifts from 0.01 to 0.04 m. Moreover, in the low σ s regime, it is shown that the outage performance degradation created by the RF imperfections is somewhat more severe compared with the detrimental effects of misalignment fading. For instance, for the case of κ tr = 0.10, the doubling of the level of misalignment from 0.01 to 0.02 m causes a 54.58% outage probability degradation, whereas, for σ s = 0.01 m, the doubling of the level of hardware imperfections from κ tr = 0.10 to 0.20 results to a 381.01% outage probability degradation. On the other hand, in the relatively high σ s regime, the outage performance degradation created by the RF imperfections is somewhat less severe compared with the detrimental effects of misalignment fading. Finally, in the case of ideal RF front-end, i.e., κ tr = 0, the assumption of perfect transceivers alignment results to around 402.19% error in the corresponding outage probability for σ s = 0.01 m. These results highlight the importance of both accurate misalignment characterization and accounting for RF impairments in the realistic performance analysis and design of THz wireless fiber extender systems.
In Fig. 13 , the ergodic capacity is plotted as a function (54) and (55) . Additionally, the dashed-dotted lines denote the capacity ceiling, given by (59) . Note that, as a benchmark, the capacity versus
for the ideal RF chains case is also plotted. As expected, as
increases, the ergodic capacity also increases. However, in the case of non-ideal RF chains, the ergodic capacity saturates as it approaches the capacity ceiling, as proven from Lemma 3. As a result, since the 
VI. CONCLUSIONS
We studied the performance of wireless THz fiber extenders, when the RF front-end is impaired by hardware imperfections and the transceivers antennas are not fully-aligned. In particular, by assuming α − µ fading and Gaussian distributions for the elevation and horizontal displacement, we provided a general analytical framework for evaluating the outage probability for both cases of ideal and non-ideal RF frontend. Next, we presented novel closed-form expressions for the ergodic capacity in the case of ideal RF front-end as well as upper bounds for both cases of ideal and non-ideal RF front-end. Likewise, a simple capacity ceiling for the nonideal RF front-end case was extracted. Our results illustrated the degradation due to the joint effect of misalignment fading and RF imperfections on the outage and capacity performance of the THz wireless extender. Among other, it was revealed that the impact of misalignment fading is somewhat more detrimental compared to the one of the multipath fading, whereas the performance degradation created by the RF imperfections is more severe compared with the detrimental effect of misalignment fading. Finally, the importance of both accurate misalignment characterization and accounting for RF impairments in the realistic performance analysis and design of THz wireless fiber extenders was highlighted.
APPENDIX A PROOF OF THEOREM 1
According to [91] , the PDF of |h fp | can be obtained as
By substituting (22) and (24) into (62) and after some algebraic manipulations, the PDF of |h fp | can be equivalently expressed as
which, by employing [64, eq. (8/350/1)], can be rewritten as in (26) . This concludes the proof.
APPENDIX B PROOF OF THEOREM 2
Since |h f | and |h p | are independent random variables, the CDF of |h fp | can be derived as
where f |h p | (x) is the PDF of |h p |, while F |h f | (x) stand for the CDF of |h f |. Since |h f | follows α-µ distribution, its CDF can be expressed as [83, eq. (8) ]
which, by assuming that µ is an integer and employing [64, eq. (8.352/2)], (66) can be rewritten as
Moreover, by substituting (22) and (67) into (65), the CDF of |h fp | can be equivalently expressed as
Next, we evaluate each term that composes (68) . Since f |h p | (y) represents the PDF of |h p |,
Moreover, by setting
with
(70) can be rewritten as
which, according to [64, eq. (8. 350/2)], can be evaluated as
Additionally, by employing (73), (75) can be expressed as
Finally, by substituting (71) and (76) into (68), and after some algebraic manipulations, we get (27) . This concludes the proof.
APPENDIX C PROOF OF PROPOSITION 2
In the case of non-ideal RF front-end, the outage probability can be defined as
which, based on (38), can be rewritten as P o (γ th ) = P r |h| 2 P κ 2 |h| 2 P + N o ≤ γ th ,
or equivalently P o (γ th ) = P r |h| 2 P 1 − κ 2 γ th ≤ N o .
By employing (4), (79) can be expressed as
Moreover, by assuming that 1 − κ 2 γ th ≥ 0, i.e., γ th ≤ 1 κ 2 , the outage probability can be derived as 
Finally, if 1 − κ 2 γ th < 0, then the condition
is always valid and the outage probability equals 1. This concludes the proof.
APPENDIX D PROOF OF LEMMA 2
Similar to (82) , in the absence of misalignment fading, if 1 − κ 2 γ th ≥ 0 the outage probability can be expressed as 
which, by using (66), can be rewritten as (47) . Moreover, if 1 − κ 2 γ th < 0, then, similarly to (83) , it can be proven that the outage probability equals 1. This concludes the proof.
APPENDIX E PROOF OF THEOREM 3
In the case of ideal RF front-end, the ergodic capacity can be defined as
or
which can be evaluated as
By substituting (26) into (88) , and after some algebraic manipulations, the ergodic capacity can be expressed as Finally, by using [93] into (92) , the ergodic capacity can be rewritten as (48) . This concludes the proof.
APPENDIX F PROOF OF THEOREM 4
Based on (86), the ergodic capacity can be rewritten as
By applying Jensen's inequality [86] into (93), we can upper-bound the ergodic capacity as
Next, we analytically evaluate E [p]. Since |h p | and |h f | are independent random variables, |h p | 2 and |h f | 2 are also independent random variables; hence,
can be rewritten as
The expected value of |h f | 2 can be evaluated as
which, by employing (24), can be equivalently written as
By setting u = µ 
By substituting (101) into (99), we can express the expected value of |h f | 2 as
Similarly, the expected value of |h p | 2 can be evaluated as
which, by employing (22) , can be rewritten as
Moreover, by using (105) and (102), (97) can be written as
Finally, by substituting (106) into (95), we get (54) . This concludes the proof.
